This work is devoted to the calculation of the concentration of radiation displacement defects (RDD) in bismuth germanate and bismuth silicate crystals as a function of particle energy (electrons and neutrons). Energy dependencies of RDD concentrations are discussed in comparison with results for other complex oxide crystals. The obtained results show that for the case of electron irradiation the radiation hardness of BSO and BGO should be similar to other oxide crystals, but for neutrons is drastically smaller. Additionally, for the neutron irradiation, the efficiency of the production of defects in the oxide sublattice is drastically smaller than for other oxide crystals.
Introduction
Bismuth germanate (BGO, Bi 4 Ge 3 O 12 ) and bismuth silicate (BSO, Bi 4 Si 3 O 12 ) crystals have been widely used for applications in medical diagnostics, high energy physics and high count rate experiments. The large atomic number of Bi, high density and suitable scintillating properties (fast decay time of 300 ns and emission peak at 480 nm) make them also ideal for the detection of gamma rays.
The energy of the ultra-relativistic light particle (mainly electrons) exposed to complex oxide crystals is mainly spent on the electron subsystem excitation [1] . Moreover, a part of the transferred energy can be spent on atom subsystem excitation, e.g. formation of the RDD by an impact mechanism, namely a vacancy and an interstitial atom. This process can lead to the strong structural and optical damage of materials [1, 2] .
It is well known that space-borne Ge detectors (among other things the BGO) are damaged, either by the primary charged cosmic flux or by secondary neutrons or electrons produced by the former in the surroundings of the detectors [3, 4] . Moreover, the degraded detector has a negative impact to the sensitivity or the signal-to-background ratio [4] . It was shown that this degradation is due to radiation displacement defect formation as a result of elastic or inelastic scattering of a particle [4] .
There are many publications devoted to the investigation of the colour centres created by UV-light, X-ray and gamma quanta on pure and doped BSO and BGO crystals (for example [5, 6] ), but the defects appearing as a result of the influence of high energy particles (electrons, neutrons) on these crystals are unsatisfactorily studied, and then practically only in work that is not generally available [7] . The present work is devoted to the calculation of the RDD concentration in BGO and BSO crystals as a function of electrons and neutrons energy according to the atom-atom collision cascades model [8] (based on the assumptions of the Kinchin-Pease binary collision model [9] ) by using a Monte-Carlo method.
Method of calculation
If a lattice atom is struck by an ion, high energy electron or fast neutron, the transferred recoil energy is often large enough to enable the displaced atom to displace further lattice atoms, leading to a random multiplication process. For higher kinetic energy of the initially knocked-out atom (IKA), the initial cascade gives rise to a series of subcascades (it was shown in [10] that for oxide crystals these subcascades appear for particle energy above a few MeV). In this case the role of atoms of different kinds in the RDDs formation process in each sublattice must be taken into account [1, 10] . The concentration of displaced atoms in the atom sublattice of the -type (for fluence of particle per 1 cm ) created owing to the initial displacement of one atom of the -type with energy T was determined as:
where is the concentration of -atoms in the lattice; σ T is the differential cross-section of the elastic scattering of the irradiation particle on the atom of -type that results in the transfer of recoil energy T ; T is the maximum possible recoil energy; T is the threshold displacement energy; ν (T ) is a cascade function which describes the number of displaced -atoms per one IKA of the -type with energy T . This function can be easily given in the form of a mathematical formula only for a material composed with one of kind of atoms. In other cases the calculation of the value of ν (T ) by different methods (numerical, statistical etc.) is necessary. The total concentration of displacements in thesublattice ( /F ) is a sum of partial concentrations /F .
In the case of electron irradiation the differential crosssection of the elastic scattering of the irradiation particle was approximated by the McKinley-Feschbach formula [11] . For fast neutron irradiation the elastic scattering of neutrons on nuclei of matter was described as scattering of hard spheres [8] .
The calculations were performed in the ACCS (Atom Collision Cascade Simulation) program written in PASCAL source code [12] . It was shown in work [10] that the concentration of RDD calculated in this program for complex oxide crystals should not differ from that obtained in experiments by more than 20%. For determination of the cascade functions ν (T ) a random number generator was used. The "partners selection" for collisions was completely accidental (in understanding of assumption of the Monte Carlo method) and was determined only by the interrelation of cross sections of different collisions and number of atoms of each type [12] . The transfer of recoil energy (T) for each displaced atom was "draw lots" from the range < T T > and the obtained value decreased the energy of the ion-missile. The procedure for the determination of cascade functions and the calculation integral (1) was repeated a few thousand times in the program and the average value of defects concentration was taken into account.
The method of calculation and the ACCS program were described in detail in [10, 12] .
Results
The calculations of concentrations of displacement defects in both crystals were performed for the cases of electron and neutron irradiations with particle energy ranging from 1 MeV to 500 MeV. The T value for Si ions (25 eV) was taken as the average of the maximum and minimum values for this ion in different silicon compounds (15 eV in britholite, 35 eV in SiC [13, 14] ). This value corresponds to the T value for Si ions in zircon (23 eV [15] ) and pure silicon (25 eV [16] ). The T values for Bi and O ions were assumed to be 32.6 eV (according to the electrostatic model) and 47.5 eV (as in BiSiO 20 [17] ), respectively. The T value for Ge ions in BGO was assumed to be the same as value as for Si in BSO. It is very well known that T for germanium is nearly the same as that for silicon [16] . Computed dependencies of concentrations of the displaced atoms on one particle of primary radiation in BSO and BGO crystals versus neutron beam energy are presented in Fig. 1a and 1b , respectively. The concentrations of displaced cations or oxygen ions calculated for unit fluence ( /F ) increased initially with the particles energy and then they saturate for the electron and neutron energy of 50-500 MeV. The growth of induced absorption (connected exactly with displacement defects) was previously experimentally observed as a function of electron energy, for example in electron irradiated LNO (lithium niobate) crystals [18] . Also, it was shown by calculation in work [10] that this tendency is typical for oxide crystals. d.p.a., respectively. The total concentrations of displaced cations are significantly smaller than the number of displaced oxygen ions Fig. (1) . These results show that RDD can be formed most effectively in the oxygen sublattice for a wide range of neutrons energy. We note that the total calculated concentration of RDD in the saturation region for neutron irradiated garnets and perovskite-like crystals is significantly lower than for BGO and BSO crystals (for example 16 [10] ). Unfortunately, there are no data for defects concentration in high energy particle irradiated BSO and BGO crystals, but it is very well known that the radiation hardness of these crystals for gamma quanta irradiation is lower (i.e. more defects are produced during irradiation with the same dose) than for other complex oxides such as garnets or perovskites (for example, changes of absorption after gamma quanta irradiation were observed in BGO for a dose of about 80 Gy [5] Gy [19] ).
For the cases of irradiation of BSO and BGO crystals by neutrons or electrons with nearly the same particle energy the total concentration of RDD are about 30 times greater for neutrons than for electrons Fig. (2 3 (for these crystals the concentration of displaced ions are only 4-10 times greater for neutrons than for electrons) [1] . Also it was shown by experiment, that the induced absorption (for the same fluences of particles) in Gd 3 Ga 5 O 12 crystal is about 10 times greater for neutrons than for electrons with nearly the same energy [20] .
In the case of electron irradiation the relative concentration of oxygen RDD has a value in the area 20-50%, for both crystals Fig. (3) . The minimum values occur for electrons energy equal to 5-8 MeV. This situation is significantly different to the case of garnet and perovskites. The calculated concentration of the RDDs in garnets and perovskites-like crystals show that RDD are formed most effectively in the oxygen sublattice for a wide range of electron energy [1, 10] . Also, it was clearly shown that oxygen defect centers (F-type centers) are the main defects in several oxygen crystals (for example MgO 
Conclusions
The calculations of the concentration of the RDDs induced by neutron irradiation in BSO and BGO crystals show that RDD are formed most effectively in the oxygen sublattice. In this case, the dependence of displaced ions concentration in these crystals on neutrons energy shows the same tendency as for garnets and perovskite-like crystals, but the radiation hardness of BSO and BGO are drastically smaller.
In the case of high-energy electron irradiation, the radiation hardness of BSO and BGO should be similar to that for other oxide crystals, but the efficiency of the production of defects in the oxide sublattice are drastically smaller for both crystals.
